INTRODUCTION
============

Plasmonics and nanophotonics have experienced a rapid development in the past decade, exhibiting unprecedented abilities in guiding, manipulating, and concentrating electromagnetic fields at optical frequencies ([@R1]--[@R3]). The use of plasmon wave propagation enables the observation of unique wave-matter interactions at the interface between air and plasmonic medium, i.e., thin film with negative permittivity ([@R1]--[@R3]). Noble metals such as silver and gold have been traditionally used as the plasmonic medium due to their intrinsic frequency dispersion, i.e., a Drude-like response, that provides a negative permittivity at optical frequencies ([@R4]). However, these metals exhibit high level of inherent resistive losses, with energy being lost into dissipation in the 10-fs scale ([@R5]). Thus, research on low-loss plasmonic materials has been aggressively pursued, including efforts in transparent conducting oxides ([@R6]), highly doped semiconductors ([@R7]--[@R9]), polar dielectrics ([@R10]), graphene ([@R11]), and gain-enhanced materials ([@R12]).

These advanced materials provide the desired plasmonic response at different frequency ranges as well as additional functionalities such as tunability. However, despite this vast research from a material perspective, loss is still one of the main barriers in the development of the plasmonic-based technologies. Although some applications can work or even benefit from dissipation in plasmonics ([@R13]) such as optical tweezers, heat-assisted recording, drug delivery, photodetection, and photovoltaics, absorption limits the propagation distance of plasmons and decreases the energy confinement of local resonances, which are the basis of some of plasmonic devices and systems ([@R5]).

Here, we introduce a different route to mitigate loss in plasmonic systems by taking advantage of structural dispersion in waveguides ([@R14]). Specifically, we describe the operating principle and then illustrate the applicability of this concept with two examples in mid-infrared (MIR) range. First, we focus on wave propagation in epsilon-near-zero (ENZ) media, which offers exciting possibilities in field tunneling and/or supercoupling ([@R15]), emission enhancement ([@R16]), nonlinear optics ([@R17]--[@R19]), and thermal radiation control ([@R20]). Second, we address the propagation of surface plasmon polaritons (SPPs), which is widely adopted in microscopy ([@R21]), lithography ([@R22]), sensing ([@R23]), and active and passive plasmonic devices ([@R24], [@R25]). In both scenarios, we find via numerical simulations that the propagation length can be enhanced with the assistance of structural dispersion in waveguides, suggesting an effective way to reduce and mitigate the loss in plasmonic technologies.

RESULTS
=======

Operating principle
-------------------

The structural dispersion--based reduction of loss is illustrated here with the use of a simple waveguide, a parallel plate waveguide (PPW) of width *d*, as plotted in [Fig. 1A](#F1){ref-type="fig"}. For the sake of simplicity in introducing the theory, we initially consider a waveguide made of perfect electric conductor (PEC) walls (shown in yellow, lossy walls will be introduced later), filled with a lossy plasmonic material (show in green) whose relative permittivity is characterized by a Drude dispersion model (*e*^−*i*ω*t*^ time convention is assumed and omitted hereafter)$$\varepsilon_{\text{act}}(\omega) = 1 - \omega_{p}^{2}/\omega(\omega + i\gamma)$$where ω~p~ is the plasma angular frequency, ω is the operating angular frequency, and γ is the collision frequency. In this example, we select a theoretical value of γ = 0.03ω~p~. In this manner, any loss reduction obtained for this most optimistic case can be considered a conservative estimation of the enhancements that could be attained with lower-quality plasmonic materials. The real and imaginary parts of ε~act~ are illustrated by the blue dotted curves in [Fig. 1B](#F1){ref-type="fig"}. Next, we note that the PPW supports the propagation of a TE~10~ mode whose propagation constant *k* can be written as ([@R14])$$k = \sqrt{k_{0}^{2}\varepsilon_{\text{act}}(\omega) - {(\pi/d)}^{2}} = \omega\sqrt{\varepsilon_{\text{eff}}(\omega)\varepsilon_{0}\mu_{0}}$$with relative effective permittivity given by$$\varepsilon_{\text{eff}}(\omega) = \varepsilon_{\text{act}}(\omega) - c^{2}\pi^{2}/\omega^{2}d^{2}$$where *c* is the speed of light in free space. [Figure 1B](#F1){ref-type="fig"} represents the effective relative permittivity from [Eq. 3](#E3){ref-type="disp-formula"} as a function of the operating frequencies (normalized by ω~p~) for widths of *d* = 0.3λ~p~ and *d* = 0.5λ~p~, where λ~p~ = 2π*c*/ω~p~. It can be concluded from [Eq. 3](#E3){ref-type="disp-formula"} and [Fig. 1B](#F1){ref-type="fig"} that varying the waveguide's width only affects the real part of relative permittivity, with no effect on the imaginary part. That is to say, we can independently tune the real and imaginary parts of the relative permittivity, providing the necessary degrees of freedom to mitigate losses in plasmonic materials.

![Generic representation of structural-based loss mitigation method.\
(**A**) Lossy plasmonic material with PPW outside; the middle mathematical plane perpendicular to the *x* axis is highlighted with a solid red line. (**B**) Relative effective permittivity spectra for a plasmonic material, with relative permittivity $\varepsilon_{\text{act}}(\omega) = 1 - \omega_{p}^{2}/\omega(\omega + i\gamma)$, γ = 0.03ω~p~, and placed within PPWs of different widths *d*. The operating angular frequency is normalized by the plasma angular frequency ω~p~.](aav3764-F1){#F1}

Naturally, this procedure will be ultimately limited by dissipation in the plates comprising the PPW. However, this effect can be rather small if good conductors are available. This methodology could be implemented in practice, for example, at MIR frequencies, where a material with small or negative permittivity, e.g., silicon carbide (SiC; with ε~SiC~ ∼ *i*0.101 @ λ~0~ = 10.3 μm) ([@R26]), could be combined with a PPW made of a good conductor such as silver (Ag; with ε~Ag~ ∼ (−5.44 + *i*0.81) × 10^3^ @ λ~0~ = 10.3 μm) ([@R4]). We note that other structural approaches to artificial plasmonic media, i.e., metamaterials, are typically constructed on the basis of the combination of electrically small resonators ([@R27]--[@R28]). Strong field concentrations in such small resonators make these approaches intrinsically lossy and might not be adequate for desired loss reduction. By contrast, our waveguide-based methodology does not make use of small resonant units, and hence, it does not suffer from the same drawback. Here, we illustrate the applicability of this concept with two examples: ENZ metamaterials and SPP propagation.

ENZ metamaterials
-----------------

As a first example, we consider ENZ metamaterials, i.e., plasmonic materials with a near-zero permittivity. We define ω~ENZ~ as the frequency when the real part of the relative effective permittivity is zero. As shown in [Fig. 1B](#F1){ref-type="fig"}, ω~ENZ~ ≈ ω~p~ when the plasmonic medium is unbounded (*d* = ∞), while it shifts to higher frequencies when the PPW is added, e.g., ω~ENZ~ ≈ 1.41ω~p~ when *d* = 0.5λ~p~, and ω~ENZ~ ≈ 1.93ω~p~ when *d* = 0.3λ~p~. Because the imaginary part of the permittivity drops quickly as frequency increases, this means that by tuning the width of PPW, a higher-quality ENZ response can be readily obtained. To illustrate this effect, we next study the propagation of uniform plane wave in such a medium. We remark that once the PPW is included, the uniform plane wave (with *E~y~* and *H~x~* components for propagation along the *z* axis for the geometry depicted in [Fig. 1A](#F1){ref-type="fig"}) changes into a TE~10~ mode with not only *E~y~* and *H~x~* components but also an *H~z~* component ([@R29]). However, in the mathematical plane in the middle of this waveguide (highlighted by a red solid line), we only have *E~y~* and *H~x~* components, and the field distribution of this guided wave is locally similar to that of the unbounded case but with an effective permittivity. This equivalence can be further generalized to complex scattering scenarios.

[Figure 2](#F2){ref-type="fig"} gathers a parametric study for complex wave number *k*(ω, *d*, γ) in the lossy plasmonic medium, which, from [Eqs. 1](#E1){ref-type="disp-formula"} and [3](#E3){ref-type="disp-formula"}, can be written as follows$$k(\omega,d,\gamma) = \omega\sqrt{1 - \omega_{p}^{2}/\omega(\omega + i\gamma) - c^{2}\pi^{2}/\omega^{2}d^{2}}/c = \beta + i\alpha$$

![Complex wave number for a guided wave inside a lossy plasmonic medium.\
Phase constant β and attenuation constant α as a function of the distance between two parallel plates *d* and operating angular frequency ω for different collision frequencies γ. (**A**) β and (**B**) α for γ = 0.03ω~p~; (**C**) β and (**D**) α for γ = 0.01ω~p~. The ENZ frequency as a function of *d* is highlighted with a black dashed curve. Values of β and α at different ENZ frequencies for each width are extracted and plotted in the small figure of each panels.](aav3764-F2){#F2}

The plots of real part β (phase constant) and imaginary part α (attenuation constant) of the complex wave number are illustrated and normalized by *k*~p~(*k*~p~ = ω~p~/*c*) in [Fig. 2](#F2){ref-type="fig"} for theoretical values of γ = 0.03ω~p~ and γ = 0.01ω~p~. The black dashed curves show ω~ENZ~ at different *d* (normalized by λ*~p~*). As shown in [Fig. 2 (A and B)](#F2){ref-type="fig"}, ω~ENZ~ shifts to higher frequency with the decrease of *d*. For ω = ω~ENZ~, the real part of the effective relative permittivity is zero, and the complex wave number reduces to$$k(\omega_{\text{ENZ}},d,\gamma) = \omega_{\text{ENZ}}\sqrt{\text{Im}\lbrack\varepsilon_{\text{eff}}(\omega_{\text{ENZ}},d,\gamma)\rbrack}(1 + i)/c\sqrt{2}$$

The phase (β) and attenuation (α) constants, decay length (*l*), and group velocity (*v*~g~) at the ENZ frequency, ω = ω~ENZ~, are given by$$\beta = \alpha = \omega_{\text{ENZ}}\sqrt{\text{Im}\lbrack\varepsilon_{\mathit{eff}}(\omega_{\text{ENZ}},d,\gamma)\rbrack}/c\sqrt{2}$$$$l = \alpha^{- 1}$$$$v_{g} = \left( \frac{\partial\beta}{\partial\omega} \right)_{\omega = \omega_{\text{ENZ}}}^{- 1}$$

As a result of [Eq. 6](#E6){ref-type="disp-formula"}, the real and imaginary parts of the complex wave number are equal at ω~ENZ~, as illustrated in the middle figures of each panel. This implies that, at ω~ENZ~, both the phase β and attenuation α constants decrease by narrowing the width of PPW, thus resulting in a higher-quality ENZ medium.

We numerically validate the previous theoretical analysis by simulating the three-dimensional (3D) waveguide structures in full-wave numerical solver. The results of this analysis are gathered in [Fig. 3](#F3){ref-type="fig"}. In particular, [Fig. 3A](#F3){ref-type="fig"} depicts the simulation arrangement according to the materials used in [Fig. 2 (A and B)](#F2){ref-type="fig"}, and [Fig. 3 (B to D)](#F3){ref-type="fig"} reports the analysis of the propagation of a plane wave in a waveguide-assisted ENZ medium, including snapshots of the magnetic field distribution (*x* component) in three different cases: (B) *d* = ∞ at ω~ENZ~ ≈ ω~p~, (C) *d* = 0.5λ~p~ at ω~ENZ~ ≈ 1.41ω~p~, and (D) *d* = 0.3λ~p~ at ω~ENZ~ ≈ 1.93ω~p~. According to the calculations presented in [Fig. 2 (A and B)](#F2){ref-type="fig"}, based on [Eq. 6](#E6){ref-type="disp-formula"} with γ = 0.03ω~p~, the related parameters in these three cases should be (B) β = α = 0.123*k*~p~, *l* = 1.29λ~p~, *v*~g~ = 0.24*c*, and transmission loss factor (LF) = 2.61 dB/λ~p~; (C) β = α = 0.103*k*~p~, *l* = 1.55λ~p~, *v*~g~ = 0.14*c*, and LF = 2.17 dB/λ~p~; and (D) β = α = 0.088*k*~p~, *l* = 1.81λ~p~, *v*~g~ = 0.01*c*, and LF = 1.86 dB/λ~p~, where *k*~p~ = 2π/λ~p~. As expected, it can be concluded from the figure that the decay length increases and transmission loss factor decreases for smaller width *d*. The group velocity also gets smaller, in good agreement with the ENZ-related theory of zero group velocity and infinite phase velocity for lossless unbounded ENZ media ([@R15]). In agreement with these theoretical results, the numerical distributions of the magnetic field presented in [Fig. 3 (B to D)](#F3){ref-type="fig"} illustrate how both the phase and attenuation constant decrease by narrowing the waveguide (decreasing of "*d*"), resulting in a higher-quality ENZ medium. The corresponding electric field distributions are shown in fig. S1.

![Field distributions of guided waves in structural-based ENZ medium.\
(**A**) Lossy plasmonic materials using the Drude model with γ = 0.03ω~p~, bounded by PEC PPW with the width of *d*. The overall length is 10λ~p~ along the *z* axis. Snapshots of *H~x~* distributions in the middle mathematical plane at each ENZ frequency: (**B**) *d* = ∞ (i.e., with no parallel plates) at ω~ENZ~ ≈ ω~p~, (**C**) *d* = 0.5λ~p~ at ω~ENZ~ ≈ 1.41ω~p~, and (**D**) *d* = 0.3λ~p~ at ω~ENZ~ ≈ 1.93ω~p~. (**E**) Normalized magnitude of *H~x~* along the *z* axis. (**F**) Practical scenario: SiC using the Lorentzian model in [Eq. 9](#E9){ref-type="disp-formula"}, bounded by Ag using the Drude model in [Eq. 10](#E10){ref-type="disp-formula"}, with the width of *d* and the thickness of λ~0~/5, λ~0~ = 10.3 μm at 29.13 THz. The overall length is 10λ~0~ along the *z* axis. Snapshots of *H~x~* distributions in the middle mathematical plane at each ENZ frequency: (**G**) *d* = ∞ (i.e., with no parallel plates) at *f*~ENZ~ = 29.13 THz, (**H**) *d* = 0.5λ~0~ at *f*~ENZ~ = 29.93 THz, and (**I**) *d* = 0.3λ~0~ at *f*~ENZ~ = 31.65 THz. (**J**) Normalized magnitude of *H~x~* along the *z* axis.](aav3764-F3){#F3}

To verify the theoretical analysis of enhancing the ENZ performance, a practical example of plasmonic materials SiC is numerically studied to show that the proposed structural dispersion--based method can be feasible up to MIR region, as illustrated in [Fig. 3F](#F3){ref-type="fig"}. The relative permittivity of SiC is computed from a Lorentzian model ([@R26])$$\varepsilon_{\text{SiC}}(\omega) = \varepsilon_{\infty}\frac{\omega^{2} - \omega_{\mathit{LO}}^{2} + i\gamma\omega}{\omega^{2} - \omega_{\textit{TO}}^{2} + i\gamma\omega}$$where ε~∞~ = 6.5, ω~TO~ = 1.50 × 10^14^ rad/s, ω~LO~ = 1.83 × 10^14^ rad/s, and γ = 9.4 × 10^11^ rad/s. Therefore, the ENZ frequency of SiC is 29.13 THz, at which the real part of the effective relative permittivity is zero, and the imaginary part is 0.101. Therefore, we select *f*~0~ = 29.13 THz as the operating frequency for parameter normalization in the practical applications. At *f*~ENZ~ = 29.13 THz, the calculated phase and attenuation constants of a uniform plane wave in such a medium are β = α = 0.23*k*~0~, where *k*~0~ = 2π/λ~0~, and λ~0~ = 10.3 μm at 29.13 THz. As depicted in [Fig. 3G](#F3){ref-type="fig"}, in agreement with the theoretical results, 2.3 wavelengths appear in the unbounded SiC, i.e., *d* = ∞, with an overall length of 10λ~0~. The PPW is made of Ag, whose relative permittivity is expressed by the Drude model ([@R4])$$\varepsilon_{\text{Ag}} = \varepsilon_{\infty} - \frac{\omega_{p}^{2}}{\omega(\omega + i\gamma)}$$where ε~∞~ = 5, ω~p~ = 1.37 × 10^16^ rad/s, and γ = 2.73 × 10^13^ rad/s. The distance between two Ag plates is "*d*," and the thickness of Ag plates is λ~0~/5. We provide two cases for *d* = 0.5λ~0~ and *d* = 0.3λ~0~. By inserting [Eq. 9](#E9){ref-type="disp-formula"} into [Eq. 4](#E4){ref-type="disp-formula"}, the theoretical ENZ frequency can be obtained at 29.93 and 31.65 THz, at which the Ag materials can still be treated as good conductor ([@R4]). Therefore, the calculated β = α = 0.201*k*~0~ at 29.93 THz for *d* = 0.5λ~0~ and β = α = 0.165*k*~0~ at 31.65 THz for *d* = 0.3λ~0~ are based on [Eq. 6](#E6){ref-type="disp-formula"}. The numerical results that verify the theoretical analysis are illustrated in [Fig. 3 (H and I)](#F3){ref-type="fig"}. Agreeing well with the above discussion, the phase constant decreases with the smaller value of *d*, and the field intensity is stronger due to the decreased attenuation constant, resulting in the same trend as predicted by theory and general materials in [Fig. 3 (B and D)](#F3){ref-type="fig"}.

SPP propagation
---------------

We also consider the modification of an SPP propagating along the interface between air and lossy plasmonic medium. As we know, SPP is a transverse magnetic (TM) surface wave with the magnetic field perpendicular to propagation direction. An SPP is characterized by different degrees of freedom including its propagation vector, confinement factor, frequency of operation, and/or polarization. Here, we prescribe the SPP to be propagating at a specific frequency and see whether the inclusion of a PPW can increase the propagation length of the SPP at that fixed frequency. Similar analysis could be carried out for a fixed propagation vector or confinement factor.

For the coordinate depicted in [Fig. 1A](#F1){ref-type="fig"}, an SPP has *H~x~*, *E~y~*, and *E~z~* field components and propagates along the *z* axis, being evanescent along the *y* axis. Because of the presence of loss in the plasmonic medium, the SPP attenuates as it propagates along its surface. By adding the PPW, the real part of relative permittivity for a fixed frequency monotonically decreases as the width of PPW gets narrower. As a result, less field and energy are concentrated in the plasmonic medium with negative permittivity and, in this way, the SPP will suffer less loss from the plasmonic medium. At the same time, we need to be careful that the effective permittivity of the air region, which is also affected by the PPW, should remain positive to support SPP. As it happened in the previous example of a plane wave propagating in an ENZ medium, the propagation mode of SPP changes due to the PPW, resulting in a more complex mode with five components, including *H~x~*, *H~y~*, *H~z~*, *E~y~*, and *E~z~*. Furthermore, the electric field components have a sinusoidal distribution along the *x* axis while remaining evanescent along the *y* axis. Again, in the middle mathematical plane, only the *H~x~*, *E~y~*, and *E~z~* field components of the original SPP components are nonzero. Therefore, the hybrid mode of SPP in the plasmonic medium with relative permittivity of ε~act~(ω) locally behaves as a virtual "effective" SPP in the plasmonic medium with relative permittivity of ε~eff~(ω). Specifically adding PPW, the effective relative permittivity of air and lossy plasmonic medium are expressed as$$\varepsilon_{\text{air}\_\text{eff}}(\omega) = 1 - c^{2}\pi^{2}/\omega^{2}d^{2}$$$$\varepsilon_{\text{die}\_\text{act}}(\omega) = 1 - \omega_{p}^{2}/\omega(\omega + i\gamma) - c^{2}\pi^{2}/\omega^{2}d^{2}$$

Therefore, the complex wave number *k*(ω, *d*, γ) of the SPP is given by$$\begin{array}{cl}
{k(\omega,d,\gamma)} & {= \omega\sqrt{\varepsilon_{\text{air}\_\text{eff}}(\omega)\varepsilon_{\text{die}\_\text{act}}(\omega)/\lbrack\varepsilon_{\text{air}\_\text{eff}}(\omega) + \varepsilon_{\text{die}\_\text{act}}(\omega)\rbrack}/c} \\
 & {= \beta + i\alpha} \\
\end{array}$$

The related parameters of decay length, transmission loss factor, and group velocity can be calculated based on [Eqs. 7](#E7){ref-type="disp-formula"} and [8](#E8){ref-type="disp-formula"}. A parametric study for the real and imaginary parts (β and α) of complex wave number is shown in [Fig. 4](#F4){ref-type="fig"} for collision frequencies of γ = 0.03ω~p~ and γ = 0.01ω~p~. The parameters are normalized by plasmonic-related terms of ω~p~, λ~p~, and *k*~p~ in the theoretical analysis. The lower-frequency boundary for SPP is indicated with a white dashed curve, i.e., the effective relative permittivity of air, described in [Eq. 11](#E11){ref-type="disp-formula"}, is always positive at frequencies higher than this lower boundary. Similarly, the upper frequency boundary of SPP is indicated with a black dashed curve, i.e., the complex wave number of SPP, described in [Eq. 13](#E13){ref-type="disp-formula"}, has a positive real part at frequencies below this upper boundary. Therefore, SPPs propagate in the frequency range between the black and white curves in [Fig. 4](#F4){ref-type="fig"}. As shown in [Fig. 4 (A and B)](#F4){ref-type="fig"}, for a fixed frequency of operation of ω = 0.6ω~p~ (highlighted by the thick dashed lines) and collision frequency γ = 0.03ω~p~, it is clear that narrowing the waveguide results in a reduction of both β and α. A similar effect is observed for γ = 0.01ω~p~ (see [Fig. 4, C and D](#F4){ref-type="fig"}), but in this case, β almost stays the same, while α is reduced. In conclusion, adding the PPW allows us to reduce the attenuation constant of the SPP by narrowing the width of PPW, thus increasing the propagation length of the SPP.

![Complex wave number for SPP propagation.\
Phase constant β and attenuation constant α as a function of the distance *d* between two parallel plates and operating angular frequency ω at different collision frequencies γ. (**A**) β and (**B**) α at γ = 0.03ω~p~; (**C**) β and (**D**) α at γ = 0.01ω~p~. The area between the black and white dashes is the SPP region. The detailed values of β and α at ω = 0.6ω~p~ (expressed by the blue dashed curve) are shown in the middle figures of each panels as a function of *d*.](aav3764-F4){#F4}

We also numerically simulated the SPP propagation with general plasmonic materials, as shown in [Fig. 5A](#F5){ref-type="fig"}, which is based on the theoretical setup in [Fig. 4 (A and B)](#F4){ref-type="fig"}, using the normalized parameters. As for SPP propagation, the numerical results are gathered in [Fig. 5 (B to E)](#F5){ref-type="fig"}. Again, we considered four different examples for the geometry depicted in [Fig. 5A](#F5){ref-type="fig"}, corresponding to (B) *d* = ∞, (C) *d* = 2.5λ~p~, (D) *d* = 2λ~p~, and (E) *d* = 1.5λ~p~. According to the theoretical calculations presented in [Fig. 4 (A and B)](#F4){ref-type="fig"}, the phase and attenuation constants of these examples should be (B) β = 0.90*k*~p~, α = 0.045*k*~p~, *l* = 3.54λ~p~, *v*~g~ = 0.0023*c*, LF = 0.95 dB/λ~p~; (C) β = 0.776*k*~p~, α = 0.025*k*~p~, *l* = 6.37λ~p~, *v*~g~ = 0.0030*c*, LF = 0.53 dB/λ~p~; (D) β = 0.717*k*~p~, α = 0.019*k*~p~, *l* = 8.38λ~p~, *v*~g~ = 0.0034*c*, LF = 0.41 dB/λ~p~; and (E) β = 0.611*k*~p~, α = 0.010*k*~p~, *l* = 15.9λ~p~, *v*~g~ = 0.0041*c*, LF = 0.21 dB/λ~p~ at the frequency of ω = 0.6ω~p~. We note that, in this case, the 3D implementation of the concept requires the inclusion of a grid of shorting wires at the interface between the two media to avoid unwanted mode coupling ([@R24]). We use shorting wires with a square cross section of side λ~p~/50 and a pitch of λ~p~/25. The numerically computed snapshots of the magnetic field (*x* component) distributions in the middle mathematical plane are shown in [Fig. 5 (B to E)](#F5){ref-type="fig"}. The corresponding electric field (*y* and *z* components) distributions are shown in fig. S2. It is clear from these numerical results that decreasing the width *d* reduces both the phase and attenuation constants of SPP, in agreement with the theoretical results. We also note that the propagation length increases. Furthermore, we notice that the field is "squeezed out" of the lossy plasmonic medium into the lossless air by adding PPW, resulting in a reduction of the attenuation constant as discussed above. This is also why the group velocity increases with smaller *d*. As seen in [Eqs. 11](#E11){ref-type="disp-formula"} and [12](#E12){ref-type="disp-formula"}, the material dispersion of air inside the waveguide is only determined by the width *d*. However, the dispersion of this plasmonic-dielectric system is additionally determined by the dispersion of plasmonic materials. Therefore, it is important to note that we are squeezing the SPP into a low dispersive medium exhibiting higher-group velocity and lower transmission loss factor.

![Field distributions for structural-based SPP propagation.\
(**A**) Lossy plasmonic materials using the Drude model with γ = 0.03ω~p~, bounded by PEC PPW with the width of *d*. The overall length is 10λ~p~ along the *z* axis. Snapshots of *H~x~* distributions in the middle mathematical plane at ω = 0.6ω~p~: (**B**) *d* = ∞ (i.e., with no parallel plates), (**C**) *d* = 2.5λ~p~, (**D**) *d* = 2λ~p~, and (**E**) *d* = 1.5λ~p~. (**F**) Normalized magnitude of *H~x~* along the *z* axis. (**G**) Practical scenario: SiC using the Lorentzian model in [Eq. 9](#E9){ref-type="disp-formula"}, bounded by Ag using the Drude model in [Eq. 10](#E10){ref-type="disp-formula"}, with the width of *d* and the thickness of λ~0~/5, λ~0~ = 10.7 μm at 28 THz. The overall length is 10λ~0~ in the *z* direction. Snapshots of *H~x~* distributions in the middle mathematical plane at 28 THz: (**H**) *d* = ∞ (i.e., with no parallel plates), (**I**) *d* = 1.2λ~0~, (**J**) *d* = 1λ~0~, and (**K**) *d* = 0.8λ~0~. (**L**) Normalized magnitude of *H~x~* along the *z* axis.](aav3764-F5){#F5}

For practical applications, the proposed loss mitigation method can be adopted for the frequency up to MIR, at which the noble metals, e.g., silver and gold, exhibit negative relative permittivity with large absolute value. Here, a practical example of SPP propagation enhancement is numerically studied to show that the proposed method can be feasible up to MIR region. Without loss of generality, we selected an MIR frequency of *f*~0~ = 28 THz \[near the frequency of CO~2~ laser ([@R30])\] for parameter normalization. As shown in [Fig. 5G](#F5){ref-type="fig"}, the SPP is supported along the interface of two media with positive and negative permittivities, e.g., air and SiC. The relative permittivity of SiC is computed from the Lorentzian model in [Eq. 9](#E9){ref-type="disp-formula"}. The PPW and shorting wires are made of Ag, whose relative permittivity is expressed with the Drude model in [Eq. 10](#E10){ref-type="disp-formula"}. The distance between two Ag plates is *d*, and the thickness of Ag plates is λ~0~/5, where λ~0~ is the free space wavelength at 28 THz. The Ag shorting wires are with the square cross section of 0.01λ~0~ × 0.01λ~0~ and with the pitch of λ~0~/50. The overall length in [Fig. 5F](#F5){ref-type="fig"} is 10λ~0~. We have simulated the SPP propagation with different values of *d*, and the *H~x~* distributions in the middle plane are shown and compared in [Fig. 5 (H to K)](#F5){ref-type="fig"}. The results agreed well with the theoretical analysis, and the SPP surface wave can propagate further by using the waveguide, i.e., narrowing the width of waveguide from 1.2λ~0~ to 0.8λ~0~. From the numerical results, it is concluded that the plasmonic loss mitigation method is feasible up to the MIR range, at which the noble metals, e.g., silver and gold, can still be used as good conductors for parallel plates and shorting wires in practical applications. For higher operating frequencies, e.g., near-infrared (NIR) or visible domains, the implementation of the proposed strategy would be more challenging because of the difficulties in the nanofabrication of the shorting wires and the deviation of the response of noble metals from that of good conductors due to detrimental ohmic losses ([@R4]).

DISCUSSION
==========

In this work, we have introduced an alternative route to reduce and mitigate the impact of losses in ENZ and SPP wave propagation based on structural dispersion in waveguides. We have theoretically and numerically demonstrated that the propagation of both guided waves in an ENZ medium and SPP at the interface of a plasmonic medium at a given frequency can be enhanced with the addition of a PPW. The methodology requires the use of good conductors, but the numerical simulations reveal that this methodology could be successfully used at least up to the MIR frequencies. The proposed technique is different from the existing cases, such as Fano-resonator chains ([@R27]), low-surface roughness dielectric waveguides ([@R31]), thermal annealing metallic films ([@R32]), and hybrid plasmonic waveguide ([@R33]). In our method, by adding and narrowing the metallic waveguide, the SPP field is "squeezed" out of the lossy plasmonic medium into the lossless air between the two plates, therefore enhancing the propagation length along the air-plasmonic interface. For smaller width of waveguide, the effective permittivity is getting smaller, i.e., with larger absolute value of a negative number in the plasmonic medium, indicating larger decay rate in the transverse plane in the plasmonic medium, away from the air-plasmonic interface. Therefore, we have less SPP field in the lossy plasmonic medium. Different from using thin metallic films to reduce the loss, we only add the metallic waveguide on both sides to decrease the field in the lossy plasmonic medium. Moreover, in our method, the field distribution in the middle plane of the waveguide is identical to that of a homogeneous material in both the ENZ and SPP cases. Therefore, our technique facilitates an effective reduction of loss while at the same time maintaining a material description recovering subwavelength details of the field distribution.

In the analysis of a practical scenario, we used the Drude model to express the dispersion of Ag, which is used as the waveguide walls and the shorting wires. The classic Drude model in ([@R4]) is obtained on the NIR experiment of noble metal, and its accuracy in MIR range, e.g., the examples in [Figs. 3F](#F3){ref-type="fig"} and [5G](#F5){ref-type="fig"} should be discussed. The Drude model in the MIR frequency is summarized in ([@R34]) by experiment, with modified parameters of ε~∞~ = 5, ω~p~ = 1.36 × 10^16^ rad/s, and γ = 5.88 × 10^13^ rad/s, meaning a higher plasmonic loss. We have also carried out the numerical simulation using the parameters in ([@R34]), and we have presented the results in fig. S3, showing similar features as [Fig. 5 (H to K)](#F5){ref-type="fig"}. The results are in agreement with our theoretical analysis in [Fig. 4 (A and B)](#F4){ref-type="fig"} with plasmonic loss up to γ = 0.03ω~p~, exhibiting propagation length enhancement of SPP by narrowing the width of the waveguide.

From a practical point of view, the overall performance of the system would be affected when the external sources need to be coupled to the waveguide. However, we next show that the loss reduction method of guiding the SPP wave can still be achieved when the wave is excited from the outside the waveguide. To this end, we modify the example of SPP in [Fig. 5G](#F5){ref-type="fig"} so that the SPP wave is excited outside the waveguide and partially transmitted into it, as illustrated in [Fig. 6A](#F6){ref-type="fig"}. In this analysis, the SiC medium is located from *z* = −2λ~0~ to all positive *z* (see [Fig. 6B](#F6){ref-type="fig"}), but our proposed waveguide structures begin at *z* = 0. Similar to the simulation setup as in [Fig. 5](#F5){ref-type="fig"}, here, the magnetic field distributions for the different width of *d* are depicted in [Fig. 6 (C to F)](#F6){ref-type="fig"}. The normalized magnitudes of the magnetic field for different cases are plotted in [Fig. 6G](#F6){ref-type="fig"}. (By "normalized," we mean normalized with respect to the incident magnetic field.) In the region −2λ~0~ ≤ *z* ≤ 0 (expressed in blue), strong standing wave is observed because of the reflection at the interface *z* = 0. Both the impedance and overall field profile are mismatched between the SPP waves outside and inside the waveguide, as expected. In this situation, the reflection gets larger as the width of the waveguide becomes narrower, indicating higher level of reflection loss and lower level of SPP in the structure after *z* = 0. But inside the waveguide, the SPP wave exhibits lower decay rate with smaller width of *d*. Notably, the reflection and propagation losses exhibit opposing behaviors when the waveguide width changes. But it is interesting to see that the magnitude of the magnetic field at a far point into the waveguide structure (e.g., at *z* = 10λ~0~) still appears with a smaller value of *d*, agreeing with the conclusion that the smaller width of waveguide leads to smaller loss in plasmon wave propagation. It can then be concluded that the proposed low-loss structure is feasible even when the SPP wave is excited outside the waveguide. Moreover, better performances could be obtained by optimizing the coupling to the waveguide.

![Field distributions for structural dispersion--based SPP propagation when the SPP source is outside the waveguide.\
(**A**) Practical scenario: SiC using the Lorentzian model in [Eq. 9](#E9){ref-type="disp-formula"}, bounded by Ag using the Drude model in [Eq. 10](#E10){ref-type="disp-formula"}, with the width of *d* and the thickness of λ~0~/5, λ~0~ = 10.7μm at 28 THz. The overall length is 10λ~0~ in the *z* direction. (**B**) Side view of the structure with the input outside the Ag waveguide. Snapshots of *H~x~* distributions in the middle mathematical plane at 28 THz: (**C**) *d* = ∞ (i.e., with no parallel plates), (**D**) *d* = 1.2λ~0~, (**E**) *d* = 1λ~0~, and (**F**) *d* = 0.8λ~0~. (**G**) Normalized magnitude of *H~x~* along the *z* axis.](aav3764-F6){#F6}

MATERIALS AND METHODS
=====================

The theoretical data shown in [Figs. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, and [4](#F4){ref-type="fig"} were obtained using the software of MATLAB. The numerical results in [Figs. 3](#F3){ref-type="fig"} and [5](#F5){ref-type="fig"} were obtained by full-wave simulation using the commercial software CST Microwave Studio. The time-domain solver was used with hexahedral meshing. For the air and plasmonic dielectric, the maximum meshing size was set to λ~0~/20. For metallic shorting wires, a denser local meshing was adopted with a maximum size of λ~0~/200. In the simulation, the waveguide ports were used to excite the desired modes. The numerical setup for [Fig. 3](#F3){ref-type="fig"} was infinite along the *y* direction (the periodic boundary conditions along the *y* direction were used in the simulation). In [Fig. 5](#F5){ref-type="fig"}, the size of the substrate in the *y* direction, i.e., the part in −λ~0~ \< *y* \< 0, was finite and the regions of *y* \> λ~0~ and *y* \< −λ~0~ are air. The region of 0 \< *y* \< λ~0~ was also air but inside the waveguide. Then, the simulation was terminated in open boundaries to mimic an open system.
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Fig. S1. Electric field distributions of the guided wave in structural dispersion--based ENZ medium.

Fig. S2. Electric field distributions for the structural dispersion--based SPP propagation.

Fig. S3. Magnetic field distributions for the structural dispersion--based SPP propagation, with Ag waveguide modeled following the material parameters given in ([@R34]).
